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Starch is an important reserve of carbon and energy in plants, providing the majority of
calories in the human diet and animal feed. Its synthesis is orchestrated by several key
enzymes, and the amount and structure of starch, affecting crop yield and quality, are
determined mainly by starch synthase (SS) activity. To date, five SS isoforms, including
SSI-IV and Granule Bound Starch Synthase (GBSS) have been identified and their
physiological functions have been well characterized. Here, we report the identification
of a new SS isoform in maize, designated SSV. By searching sequenced genomes,
SSV has been found in all green plants with conserved sequences and gene structures.
Our phylogenetic analysis based on 780 base pairs has suggested that SSIV and SSV
resulted from a gene duplication event, which may have occurred before the algae
formation. An expression profile analysis of SSV in maize has indicated that ZmSSV is
mainly transcribed in the kernel and ear leaf during the grain filling stage, which is partly
similar to other SS isoforms. Therefore, it is likely that SSV may play an important role in
starch biosynthesis. Subsequent analysis of SSV function may facilitate understanding
the mechanism of starch granules formation, number and structure.
Keywords: starch synthase V, maize, starch biosynthesis, phylogenetic analysis, gene duplication
INTRODUCTION
Starch, a polymer of glucose, is an important reserve of carbon and energy in plants (Zeeman
et al., 2010). In photosynthetic tissues, it is stored as a transient form in chloroplasts during
daylight hours and is mobilized at night to provide carbon skeletons and energy for metabolism. In
storage tissues, the non-photosynthetic cells use specialized plastids named amyloplasts, which are
located in the roots, tubers and seed endosperm, for long-term storage of starch in preparation
for future metabolism, i.e., seedling establishment (Brust et al., 2013). Starch in plant storage
tissues is the major source of calories in the human diet and animal feed. Furthermore, it is an
economical, biodegradable and renewable industrial rawmaterial, widely used in papermaking and
ﬁrst-generation bioethanol production (Smith, 2008; Zeeman et al., 2010).
Starch consists of two classes of α-1,4-glucan polymers, amylose and amylopectin. Amylose
is a small linear polymer with few branches, while amylopectin is large and contains frequent
α-1,6-branch linkages (Brust et al., 2013). In plants, starch biosynthesis occurs in chloroplasts and
Abbreviations: DAP, days after pollination; DP, degree of polymerization; GBSS, Granule Bound starch synthase; GS,
glycogen synthases; SBP, starch biosynthesis pathway; SS, starch synthase.
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amyloplasts and involves a series of biosynthetic enzymes such
as ADP-Glcpyrophosphorylase (AGPase) which produces the
donor sugar ADP-glucose, SS which uses the ADP-glucose for
chain elongation via α-1,4-glycosidic linkages, starch branching
enzyme (BE) which creates the α-1,6-linkages, debranching
enzyme (DBE) which cleaves the branch to adjust the starch
structure, and phosphorylase (Ball and Morell, 2003; Dauvillee
et al., 2006; Jeon et al., 2010; Brust et al., 2013). All enzymes act
coordinately in the starch biosynthesis processes.
Starch synthases catalyze the transfer of the glucose moiety
of ADP-glucose to the non-reducing end of an existing glucan
chain via an α-1,4-glucosidic link, which deposits sugars in the
starch granules. At least six classes of SSs are recognized in
seed plant. To date, ﬁve subfamilies including Granule Bound
SS (GBSS), SSI, SSII, SSIII, and SSIV have been reported (Yan
et al., 2009). Each subfamily has diﬀerent roles in starch synthesis
resulting from their diﬀerent physicochemical properties and
substrate speciﬁcities, and has distinct numbers of isoforms in
diﬀerent plants (Ball and Morell, 2003; Jeon et al., 2010). GBSS
is responsible for the synthesis of amylose and the extra-long-
chain fraction of amylopectin (Wattebled et al., 2002). SSI, SSII
and SSIII are involved in the synthesis of amylopectin, elongating
the short chains (DP or chain length of 8–12), intermediate
chains (DP of 13–25), and long chains (DP of more than 30),
respectively (Delvalle et al., 2005; Brust et al., 2013). The function
of SSIV has recently been brought to light, controlling the
initiation of starch granules (Roldan et al., 2007; Szydlowski et al.,
2009). Although the chain-length substrate preference seems to
confer non-overlapping function of each SS isoform in starch
biosynthesis, research on some SS transgenic and mutant lines
reveals some redundant function among isoforms (Zhang et al.,
2008; Szydlowski et al., 2009). For example, SSIII is responsible
for the synthesis of one or two starch granules per chloroplast
in single SSIV mutant plants. Double mutant SSIII SSIV plants
do not accumulate starch or any other soluble or insoluble
α-linked glucans, indicating the functional redundancy of SSIV
and SSIII.
In plants, SSs are GT-B-fold glycosyltransferases, classiﬁed
within family GT5 in the CAZy database1 (Coutinho et al., 2003).
The archaeal and bacterial GS are the closest counterparts of
plant SSs in the GT5 family (Ball et al., 2011; Cenci et al., 2014),
implying that this family is ancient. All of them use ADP-glucose
as nucleotide donor sugar. However, GS in other eukaryotes,
such as fungi, yeast and animals, are distantly related to plant
SSs, and belong to the GT3 family in the CAZy classiﬁcation,
using UDP-glucose as donor. All the SSs in plants and GSs
in bacteria share conserved starch catalytic domains (GT5)
and glycosyltransferase 1 domains (GT1), including conserved
amino acid residues at substrate binding and catalytic sites. The
core region, consisting of GT5 and GT1, with basic metabolic
activity is encompassed by nearly all of the 60 KDa protein
sequence of prokaryotic GSs, corresponding to the C-terminal
portion of plant SSs. The N-terminal region of plant SSs,
upstream of the core region, is variable with respect to amino
acid sequences and lengths among SS isoforms. The N-termini
1http://www.cazy.org
contain a serine-rich region in SSII, three conserved carbohydrate
binding modules of family 25 (CBM 25) in SSIII, and two
coiled-coil domains in SSIV (Schwarte et al., 2013). The exact
function of N-termini is unknown, but may be important
in modulating catalytic activity by altering SS kinetics and/or
interacting with substrate, or in forming functional enzymatic
complexes with other starch biosynthetic enzymes. Although
the crystal structures are determined for one archaeal GS, two
bacterial GSs and GBSSI in Oryza sativa and SSI in Hordeum
vulgare, the mechanism of glycosyl transfer of the GT5 family
remains unclear (Buschiazzo et al., 2004; Sheng et al., 2009;
Breton et al., 2012; Momma and Fujimoto, 2012; Cuesta-Seijo
et al., 2013).
Five reported subfamilies of SS are well characterized chemi-
cally and genetically. Are there any other enzymes involved in
plant SBP?What is the characteristic of expression and phylogeny
for these novel genes? We have searched sequenced plant
genomes to identify novel genes encoding SSs. Interestingly, a
putative gene encoding a new SS, named ZmSSV, has been located
on Zea mays chromosome 4 (geneID: GRMZM2G130043).
According to the maize genome annotation, ZmSSV has two
extra long introns, which are intron 4 with a length of 7,398 bp
and intron 17 with a length of 54,336 bp. To conﬁrm whether
ZmSSV could be normally transcribed or is just as a pseudogene,
and whether there exist SSV homologs in other plants, we
have isolated this SS-like gene, which is diﬀerent from other
SS gene subfamilies in maize. Furthermore, the orthologs in
some monocots, eudicots, moss and algae have been identiﬁed
by genome sequence searches. In this paper, the gene structure,
expression patterns and evolution of ZmSSV are investigated and
discussed.
MATERIALS AND METHODS
Plant Material
Maize seedlings (18–599 inbred line, Chinese Elite Corn) were
grown in the ﬁeld at Sichuan Agricultural University Farm in
Wenjiang, Sichuan, in April 2014, according to the local standard
for high yield maize production. Roots, stems and leaves were
taken from 5-leaf-stage seedlings. Silks were harvested before
rolling out of the husk, and anthers were harvested during
ﬂowering. Developing kernels from self-pollinated ears were
collected at 10 DAP, kernels used to separate pericarp, embryo
and endosperm were collected at 15 DAP, and ear leaves also
collected at 15 DAP. All samples were collected between 9:00 and
10:00 am, and frozen in liquid N2 and stored at −80◦C until use
(Zhang et al., 2014). The sample of 10 DAP kernels was used for
isolate the full cDNA of ZmSSV, and all the samples were used to
the expression analyses.
RNA Extraction and Full Length cDNA
Isolation of ZmSSV
Total RNA was extracted from various tissues of maize by
Trizol reagent according to the manufacturer’s instructions
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(Invitrogen2). Reverse transcription was carried out by using
PrimeScriptTM RT reagent Kit (Perfect Real Time) (TaKaRa,
Japan), removing contaminating genomic DNA. The forward and
reverse primers for the ZmSSV full cDNA (∼2.1 kb) isolation
were AGGTACGGCGCGCATAGCTAAC and TGTGCTTCTC
TAGCAGATGCCCAG, respectively. The PCR was performed
using high eﬃcient and ﬁdelity PCR enzyme (KOD FX Neo,
Toyobo, Japan) and under the following conditions: 94◦C 2 min,
35 cycles of 98◦C for 10 s, 60◦C for 30 s, 68◦C for 150 s, and
a ﬁnal extension at 68◦C for 7 min. Ampliﬁed PCR products
were visualized on a 1% agarose gel and amplicons puriﬁed with
QIAquick Gel Extraction Kit.
Expression Analysis by Real-time
Quantitative RT-PCR
Primers for qRT-PCR analysis were GAAACTGCTATAGTGG
CACCGC (forward) and TCAGGACGATGAAGCTTACGG
(reverse), which were specially designed for the length about
200 bp and across an intron. Actin (accession number:
NM_001154731.1) was used as the internal control, and its
primers were TCACTACGACTGCCGAGCGAG (forward) and
GAGCCACCACTGAGGACAACATTAC (reverse). The real-
time qRT-PCR was conducted with SYBR Premix Ex TaqTM
(Takara) in the Biorad system, according to the manufacturer’s
protocols.
Sequence Retrieval and Analysis
All full-length DNA and amino acid sequences of maize SSs
were downloaded from databases of NCBI3 and the maize
reference genome4. In order to retrieve their orthologous
sequences in other plants and bacteria, we used all maize
sequences as queries against TAIR5, NCBI3, Phytozome6 and
Gramene7 by performing BLASTP, BLASTN, and TBLASTN
programs with E-value less than 10−5. All the sequences used
in the paper were listed in Additional File 1 (Supplementary
Table S1).
The SSV sequences were aligned by MUSCLE and MAFFT
programs, and the alignment result included 645 amino acids.
The molecular weights and isoelectric points of deduced protein
sequences were predicted by ProtParam8, and the signal peptide
cleavage sites were predicted with TargetP 1.19. The protein
conserved domain prediction was performed using SMART10 and
CD-search service11. Motif analysis was performed by MEME12
with the following parameters: repetitions per sequence= zero or
one per sequence; maximum number of motifs found = 12; and
2http://www.invitrogen.com
3http://www.ncbi.nlm.nih.gov/
4http://ensembl.gramene.org/Zea_mays/Info/Index
5http://arabidopsis.org/
6http://www.phytozome.net
7http://www.gramene.org/
8http://web.expasy.org/protparam/
9http://www.cbs.dtu.dk/services/TargetP/
10http://smart.embl-heidelberg.de/
11http://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi
12http://meme.nbcr.net/meme/cgi-bin/meme.cgi
an ideal motif size between 6 and 300 amino acids (Aoyagi et al.,
2014). Jpred13 was employed to predict the secondary structure.
Phylogenetic Analysis
After sequences were aligned and conﬁgured for highest
accuracy, phylogenetic trees were constructed by multiple
methods, including the neighbor-joining, maximum likelihood
and maximum parsimony methods, implemented in MEGA,
PHYML and PHYLIP on protein sequences of the GT5
domain. Reliability of internal branches was assessed using the
bootstrapping method (1000 bootstrap replicates).
RESULTS
Cloning and Characterization of ZmSSV
Using the maize genome sequence of SS V4, we designed primers
and isolated the 2190 bp full-length cDNA of ZmSSV in maize
elite inbred 18–599 (GenBank accession number: KP192927).
The amino acid sequence deduced from the open reading
frame (ORF) contains 701 residues with a predicted molecular
mass of about 78.6 kDa. Our sequencing result is identical
to the ZmSSV ORF from genome annotation of inbred B73
(Schnable et al., 2009). A chloroplast transit peptide has been
predicted in the protein, with a putative cleavage site between
amino acid 49 and 50 which would result in a mature protein
with calculated molecular mass of 73.4 kDa. It is likely that
ZmSSV is localized within the chloroplast, similar to other
SSs such as SSI and SSIV (Delvalle et al., 2005; Roldan et al.,
2007).
The putative amino acid sequence of ZmSSV is most closely
related to ZmSSIV. Sequence alignment shows 35% identity,
with consensus sequences not only in the conserved C-terminus
including starch catalytic and glycosyltransferase domains, but
also in the unique N-terminus. The GT5 domain is more
conservative than GT1 in plant SSs (Leterrier et al., 2008). In
ZmSSV, the GT5 domain could be predicted with low E-value
of 1.7e-32 by SMART and CD-search programs, and prediction
of the GT1 domain failed. However, sequence identity of the
GT1 domain among SS subfamilies in maize and between other
species is obviously higher than those of non-domain regions.
We have designated it a putative GT1-like domain, shown in
light green in Figure 1. The length and relative positions of
GT5 and GT1 domains in ZmSSV are similar to those of GBSS
and SSI-IV in maize and the GS in Agrobacterium tumefaciens
(AgtGS) (Figure 1). Besides the GT5 and GT1 domains, there
is a coiled coli domain between amino acids 117 and 147 in the
ZmSSVN-terminus, similar to the coiled coli domain of ZmSSIV
but absent from other SS subfamilies. Moreover, the sequence
identity of the coiled coil domain between ZmSSV and ZmSSIV
is signiﬁcantly higher than that of the surrounding region, and
there are some conserved sites (Supplementary Figure S1A in
Additional File 2). We infer that the two domains may perform
similar or identical functions. With these conserved domains,
ZmSSV is identiﬁed as a SS.
13http://www.compbio.dundee.ac.uk/www-jpred/
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FIGURE 1 | Domain structure of the six starch synthase proteins from maize. For comparison, the glycogen synthase of Agrobacterium tumefaciens (AgtGS)
was involved. The N-terminus of enzymes was at the left, and the C-terminus was at the right. The conserved domains of the glycosyltransferase family 5 (GT5) and
the glycosyltransferase family 1 (GT1) were showed in blue and green, respectively. Because of the failure prediction GT1 in ZmSSV by SMART, the conserved
equivalents of sequence alignment were given in light green as the putative GT1-like domain. The N-terminus of ZmSSIII contained three conserved carbohydrate
binding modules of family 25 (CBM 25) marked in red, and coiled coil domains in ZmSSIII-V were marked in pink.
FIGURE 2 | Structure organization of ZmSSV gene according to the B73 reference genome. The solid green boxes indicated exons, and the number of 0, 1,
and 2 represented intron phase. The specific structures and sequence features of extra long intron 4 and 17 were marked. In intron 4, the position of two long
terminal repeats (LTR), a primer binding sites (PBS) and a polypurine tract (PPT) were showed, and the bases of LTR end and the target site duplication were
indicated too. In intron 17, a pair of arrows with the same color and shape represented a pair of repeat segments, arrows pointing in the same direction indicated
direct repeat, pointing in the opposite direction indicated inverted repeat. Arrows with the same direction and consecutive position indicated tandem repeat. Red
rectangular indicated that some short repeat segments were included in the region.
Conserved Genomic Structure of SSV in
Maize and Other Angiosperm
The genomic sequence of ZmSSV is about 70.9 kb in the B73
reference genome (Schnable et al., 2009). We have aligned the
genomic DNA sequences with full-length cDNA and revealed
that ZmSSV contains 20 exons separated by 19 introns, of lengths
shown in Table 1 and Figure 2. Two introns, 4 and 17, are
remarkably long. Assuming that the B73 reference genome of the
region has been sequenced and assembled accurately, ZmSSV is
much larger than the average maize gene (Schnable et al., 2009).
Although SSV homologs in several angiosperm have been
annotated, some putative ORFs and proteins are much shorter
than that of maize, such as in Sorghum bicolor and Arabidopsis
thaliana, suggesting that these annotations may not be accurate.
To identify the complete SSV gene in plants, we performed
BLAST analysis in NCBI using the ZmSSV CDS and protein as
query.We identiﬁed the complete SSV CDS ofO. sativa (Japonica
Group) (EU621837) and Solanum tuberosum (EU661369), then
aligned to the corresponding genome sequences to calculate exon
lengths and determine the introns according to the “GT(C)-
AG” rule (Breathnach and Chambon, 1981). Similarly, we
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have aligned ZmSSV CDS to the sorghum genome, designed
primers and isolated the complete sorghum SSV gene (SbSSV,
GenBank accession number: KP192926). We found no full length
Arabidopsis SSV CDS in GenBank, and were not successful
in aligning the homologous SSV CDS of other eudicots with
the Arabidopsis genome, so could not get the complete AtSSV
ORFs.
The exon and intron structure of SSV is generally conserved
in land plants (Table 1), suggesting ancient common ancestry of
these genes. Of the 20 exons in monocots, 18 are equal in length,
only the ﬁrst and fourth varying slightly. In eudicots, SSV of
Glycine max (soybean) and potato have 20 exons, and Populus
trichocarpa has 18. Arabidopsis SSV has only 13 exons and 460
putative amino acids, suggesting that the genome annotation of
AtSSV is not complete. Between soybean and potato, 14 of 20
exons are equal in length, 11 of these also being equal to poplar
exons, and ﬁve to Arabidopsis exons (despite the incomplete
annotation of AtSSV). Between monocots and dicots (excluding
Arabidopsis), nine SSV exons are equal in length, also being
equal to those of moss (Physcomitrella patens). SSV structure in
algae (Chlamydomonas reinhardtii) is substantially diﬀerent from
land plants, suggesting rapid evolution of the gene in algae after
divergence from a common ancestor shared with land plants.
The length of introns in SSV varies widely among species,
due to lineage speciﬁc events. In maize, for example, a
transposable element (TE) belonging to the long terminal repeat
retrotransposon copia class with length of 7204 bp locates in
intron 4, and a number of variable repeat sequences locate
in intron 17 (Figure 2). Using LTR_FINDER (Xu and Wang,
2007), we found that the TE locates between positions 79 and
7282 with typical characteristics. In intron 17, there are many
repeated segments with variable lengths from 2522 to dozens of
bp. Some repeated segment pairs are direct, some inverted and
some tandem. The long repeated segment pairs are shown in
Figure 2 with the same marks. Like maize, there are also large
introns in sorghum, potato and poplar. These large introns do not
correspond to one another, so it is inferred that lineage speciﬁc
events such as insertion of a maize LTR retrotransposon (above)
have aﬀected them.
Phylogenetic Relationships between SSV
and Other Starch Synthases
To investigate the relationship between SSV and other SSs,
we collected SSs from more than 20 plant species (including
monocots, eudicots and other chlorobiontes) and GSs from
two bacteria (Prochlorococcus marinus AS9601 and Synechoccus
sp. CC9311). The topologies of phylogenetic trees, constructed
by multiple methods, mostly agree with one another. The six
SS classes cluster into two groups, each including three clades
(Figure 3). For ease of description, we have designated GBSSI,
SSI and SSII as group A, and SSIII, SSIV and SSV as group
B. Within Group B, SSV of all plants except algae forms a
new clade, separate from SSIII and SSIV. The phylogenetic
relationship between SSIV and SSV is closest, perhaps suggesting
that they result from an ancient gene duplication, consistent
with the generation of other SS subfamilies. The phylogenetic
FIGURE 3 | Phylogenetic tree showing the relationship among plant
SSs. The tree was constructed using the neighbor-joining method, and
numbers on branches represented bootstrap estimates for 1000 replicate
analyses, only bootstrap scores higher than 50 were shown. Each node was
labeled with the prefix of the initials of the genus and species. Monocots were
showed in red, eudicots in pink, algae and moss in green, and bacteria in blue.
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relationships among GBSS and SSI-IV are consistent with
previous reports (Leterrier et al., 2008; Nougue et al., 2014).
Monocots and eudicots form two sub-branches of the SSV
clade, with SSV of moss as out-orthologues, consistent with the
species phylogeny. The PpSSIV and CrSSV form two branches
outside of the SSIV and SSV clades, and CrSSIV is outgroup to
all of Group B, supported with high bootstrap values, perhaps
reﬂecting the rapid evolution of these genes in lower plants
(Cenci et al., 2014).
Comparison of SSV Features to those of
Other Starch Synthases
SSV should share with other SSs features responsible for the
conserved functions of SSs, and have unique features responsible
for its speciﬁc functions. To further investigate SSV features,
we aligned the SSIV and SSV protein sequences of monocots
and eudicots. In the variable N-terminus, both the coiled
coil domain and the other conservative region adjoining the
GT5 domain had multiple identical and conserved amino acid
sites (Supplementary Figure S1B in Additional File 2). For
the C-terminus composed of the conserved starch catalytic
(GT5) and glycosyltransferase-1 (GT1) domains, we aligned SSV
not only with SSIV, but also with the glycogen synthase of
A. tumefaciens and Escherichia coli, and rice GBSSI and barley
SSI, for which the crystal structures have been determined
(Buschiazzo et al., 2004; Sheng et al., 2009; Momma and
Fujimoto, 2012; Cuesta-Seijo et al., 2013) (Figure 4). The
consensus lines, last line of the alignment, composing of asterisks
(*) and dots/colons (./:), have revealed identical and conserved
residues of SSIV and SSV. Overall sequence identity is high,
especially in the GT5 domain, with that of the GT1 domain
slightly lower. One of the possibilities for lower sequence
identity in the GT1 region between SSIV and SSV, is the rapid
evolution accompanying functional divergence of SSV after
gene duplication. Another possibility is that some members
of SSIV, such as OsSSIVa and OsSSIVb, accumulate more
deletion mutations. As the incomplete sequence of SSV in
Arabidopsis, AtSSV is not involved in the alignment of GT1
region.
Because of the distant phylogenetic relationship between GSs
and SSs in plant, we just showed partial alignment of conserved
regions between AgtGS, EcGS, OsGBSSI, and HvSSI, and SSIV–V
in Figure 4. Identical residues in a column are highlighted
in blue, and conserved residues (with similar physicochemical
properties) are noted by pink squares. We have listed the
important functional residues (Table 2) to directly bind and
catalyze the substrate in AgtGS, EcGS, OsGBSSI, and HvSSI as
reported previously (Buschiazzo et al., 2004; Sheng et al., 2009;
Momma and Fujimoto, 2012; Cuesta-Seijo et al., 2013), and
identiﬁed the equivalent residues in ZmSSIV and ZmSSV by
the protein sequence alignment. The corresponding positions of
these functional sites in AgtGS are marked in Figure 4. Although
the phylogenetic relationship among SSIV-V, GSs, OsGBSSI and
HvSSI is variable, most of the amino acid residues of these
functional sites are identical or conservative in all enzymes.
There are eight identical and 27 conserved sites in GT5; and TA
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FIGURE 4 | The protein sequence alignment of SSIV and SSV in eudicots and monocots, for C-terminus conserved region. For further investigation the
important functional sites, partial alignment with GSs and SSs of which the 3D structure were determined were showed. Moreover, the secondary structure of
ZmSSIV and ZmSSV were predicted, α-helical indicated by red cylinder, and β-strand indicated by green arrows. The identical amino acid residues in a colum were
highlighted in blue, or noted by blue squares(except the differing residues of OsSSIVa end), and conserved amino acid residues were noted by pink squares. In the
line of the consensus, identical and conserved residues between SSIV and SSV were marked with asterisks (∗) and dots/colons (./:), respectively, while, dashes
indicate no residue. The boundary regions of GT5 and GT1 were marked with orange arrows.
Frontiers in Plant Science | www.frontiersin.org 8 November 2015 | Volume 6 | Article 1013
Liu et al. A Novel Maize Starch Synthase
FIGURE 5 | The conserved motifs of SSV.
ﬁve identical and seven conserved sites in GT1. Interestingly,
amino acid residues of the region between GT5 and GT1 are
very conservative too. The length of the region is about 30 amino
acid residues, which includes ﬁve identical and seven conserved
sites. Moreover, three reported functional sites in AgtGS (N246,
G247, W253) locate in this region. Likewise, in the adjoining
region of the GT1 end, there are several identical and conserved
residues (marked with blue squares in Figure 4) in all GSs and
SSs, excepting the OsSSIVa endwith great divergence. Comparing
the conserved functional sites in SSV with other plant SSs and
bacterial GSs (Table 2), more amino acid variants are found in
SSV. For example, K15 in AgtGS is replaced by S237 in ZmSSV,
and H163 in AgtGS is replaced by Q387, both substitutions from
basic residues to uncharged amino acids, which would likely
aﬀect the functional properties of the enzymes. SSV may have
signiﬁcant functional divergence from other SSs.
To identify the speciﬁc structural features of SSV, the
secondary structures of ZmSSIV and ZmSSV (Figure 4) have
been predicted using the Jpred program. The greatest divergence
of secondary structure between ZmSSIV and ZmSSV is in the
GT5 domain. One α-helix and two β-strands are absent in
ZmSSV, and one α-helix of ZmSSIV changes to β-strand in the
corresponding region of ZmSSV. In the starting region of GT1,
one α-helix of ZmSSIV also changes to β-strand in ZmSSV.
Two additional β-strands, located in GT1, and at the end of the
C-terminus, respectively, are found only in ZmSSV. Outside of
these regions, the secondary structure of the two proteins is quite
conservative.
The alignment also indicates some amino acid residues that
vary within the SSV subfamily. To further reveal the potential
functional regions or divergent sites in SSV, we have analyzed
conserved motifs of SSV members by the MEME program,
ﬁnding that there exist diﬀerent motifs in SSV from algae
to monocots (Figure 5). Five motifs (1, 2, 5, 7, and 8) are
found in all members. Motif 9 and 10 are only found in
monocots, and motif 11 is only in eudicots. Motifs in PpSSV and
CrSSV are diﬀerent from those of angiosperm, lacking motifs
3, 10, and 11 but with a unique motif (12). The results of
motif investigation are consistent with the SSV gene phylogeny,
indicating that each branch of SSV has unique functional regions
and sites.
Expression Patterns of ZmSSV
Quantitative RT-PCR analysis has been performed to study the
expression proﬁles of transcripts encoded by SSV in maize, and
the result is reproducible over three diﬀerent experiments. We
focus on the expression level of ZmSSV in various tissues at
vegetative and reproductive stages. The ZmSSV transcript is very
weakly expressed in root and stem,with slightly higher expression
in leaf of 5-leaf-stage seedlings, but is mainly expressed in male
and female ﬂoral organs, especially in the ear (Figure 6A). The
level of ZmSSV transcription in anther is higher than that of
silk. The highest expression level is in 15 DAP embryo and
endosperm, followed by 15 DAP pericarp. Furthermore, because
the 10 DAP kernel is too small to eﬀectively partition the
pericarp, endosperm and embryo, we tested the whole kernel,
ﬁnding strong ZmSSV expression that was obviously higher
than in vegetable tissues, but lower than in the 15 DAP kernel.
The ear leaf, one of the vegetative tissues, is an important
site of sucrose synthesis and supply to grain ﬁlling. ZmSSV is
expressed highly in the ear leaf at the grain ﬁlling stage of
15 DAP, and its level is signiﬁcantly higher than in seedling
leaves.
Expression of ZmSSIV is compared to that of ZmSSV, because
of the close phylogenetic relationship between the two isoforms
(Figure 6B). The highest ZmSSIV expression is also in the
embryo, endosperm and pericarp at 15 DAP, and then in ear
leaf, anther and silk. The ZmSSIV expression level is not high
in 10 DAP kernels, and the lowest level is in the seedling root,
stem and leaf. So the expression proﬁles across tissues of ZmSSIV
and ZmSSV are similar. In addition, similar expression proﬁles
have been found in homologues of ZmGBSSI, ZmSSI, OsSSIII-2
and OsSSIV-1 and others (Dian et al., 2005; Leterrier et al., 2008;
Chen et al., 2011). In conclusion, ZmSSV mainly expresses in the
ear, and its transcript reaches its highest levels in the grain ﬁlling
stage, suggesting that ZmSSV may be very important to starch
synthesis in grain.
DISCUSSION
Starch synthases are enzymes essential to produce starch, a
semicrystalline-storage polysaccharide in plants. Previously, ﬁve
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FIGURE 6 | Quantitative RT-PCR analysis of ZmSSIV (B) and ZmSSV
(A) in different tissues. Gene expression was normalized to actin for each
sample. Values are averages from three independent biological
experiments ± SE.
subfamilies of GBSS and SSI-SSIV have been isolated in plants
and physiological functions revealed (Brust et al., 2013; Nougue
et al., 2014). Here, we report a new SS-like gene subfamily, SSV,
with the GT5 and GT1 domains shared by all plant SSs and
bacterial GSs. Just as with other SSs, SSV is identiﬁable based
on conserved sequence and gene structure from lower to higher
green plants. SSV is muchmore related to SSIV than to other SSs,
according to phylogenetic analysis and sequence alignment. It is
thus concluded that SSV is a new SS subfamily, and the number
of SS isoforms is now at least six in plants.
The SBP is a complex network of genes, most of which are
members of large multigene families with multiple isoforms.
For these genes, only a few mutations have resulted in readily
observed morphological phenotypes, such as the well known
endosperm mutants of ae, sh1, sh2, du, and wx in maize
(Gao et al., 1998; Ball and Morell, 2003; Crofts et al., 2012;
Sparla et al., 2014). The majority of gene mutations alter the
properties of starch, but have small eﬀects on starch yield,
leading to little or no morphological phenotype. Furthermore,
as the analysis of amylose and amylopectin structure is highly
complex, phenotype-based cloning of mutant starch biosynthesis
genes are of limited scope. To date, two approaches, homology
hybridization screening or PCR screening based on conserved
known genes sequence, and protein isolation, puriﬁcation and
sequencing are the most widely used strategies for cloning starch
biosynthesis genes (Zeeman et al., 2010). Each approach has
limitations. Homology-based searches may fail to identify new
families that have low sequence similarities with known families.
Protein isolation may fail to purify all isozymes, as diﬀerent
isozymes may have extremely similar activity and molecular
weight in plants (Brust et al., 2013). Recently, databases of whole
genomes together with full-length cDNAs in many plant species
have provided unique opportunities to comprehensively study
SS families. Combination of DNA sequence information with
molecular biology experiments is an eﬀective mean for new gene
isolation.
Starch is found mostly in lineages derived from primary
plastid endosymbiosis, the Archaeplastida, which involves the
Chloroplastida (green algae and land-plants), the Rhodophyceae
(red algae), and the Glaucophyta (glaucophytes) (Ball et al., 2011;
Cenci et al., 2014). Starch is also found in some unicellular marine
diazotrophic cyanobacteria and several secondary endosymbiotic
lineages, which suggests that the SBP existed in the cyanobiont
before endosymbiosis (Deschamps et al., 2008a,b). In the
Archaeplastida, starch synthesis has been found in the cytoplasm
of Rhodophyceae and Glaucophyta, but is localized to the
chloroplast stroma of Chloroplastida. Investigation of the
phylogenetic origin of genes in the Chloroplastida SBP showed
that some enzymes originate from cyanobacteria, and others
originate from eukaryotic hosts (Deschamps et al., 2008b).
Dauvillee et al. (2006), Deschamps et al. (2008a,c), Colleoni et al.
(2010), Ball et al. (2011), and Cenci et al. (2014) have researched
the evolution of starch metabolism in plants, and put forward
a reasonable interpretation of SBP gene origin. It suggested
that an ancestor of present day cyanobacteria was internalized,
probably through phagocytosis by a heterotrophic eukaryotic
cell, then the export of photosynthate from the cyanobiont
to the host cytosol provided the eukaryotic world with the
ability to perform oxygenic photosynthesis. As the cyanobiont
slowly became a true organelle, the majority of cyanobacterial
genes were lost as they were neither involved in oxygenic
photosynthesis nor essential for maintenance and division of
the symbiont. During this process, some cyanobacterial SBP
genes were transferred into and retained by the host nucleus
and immediately expressed in the cytosol for starch synthesis.
Subsequently, the novel light-harvesting antennae appeared in
chloroplasts, which deﬁned the most distinctive feature of
the Chloroplastida. To coordinate the metabolic balance of
the Chloroplastida light-harvesting complexes in cells, such
as maintaining the ATP charge in darkness and obviating
oxidative stress, the starch metabolism pathway was redirected
to chloroplasts (Deschamps et al., 2008a,b,c). Three eukaryotic
lineages of the Chloroplastida, the Rhodophyceae and the
Glaucophyta emerged after or during the metabolic integration
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of the plastid. With the progressive evolution of coordinated
and complex starch metabolism in the cytosol and chloroplast
of photosynthetic tissues, and the cytosol and amyloplasts of
storage tissues for seed plant, the number of genes involved in
SBP has apparently increased, largely due to gene duplication
and accompanying functional divergence, resulting in multiple
enzyme isoforms (Deschamps et al., 2008c; Nougue et al., 2014).
These isoforms play only partly redundant functions and are
often responsible for distinctive roles in the starch formation of
diﬀerent substructures.
In this paper, phylogenetic analysis has suggested that SS
isoforms of GBSS and SSI-V are present in all green plants (from
algae to monocots). We infer that these isoforms have originated
from early gene duplications, which may have occurred in the
Archaeplastida ancestor or during the process of SBP redirection
to the chloroplast (Nougue et al., 2014). In Group A, the ﬁrst
duplication led to paralogues encoding GBSS and the ancestor
of SSI and SSII, and the second duplication produced the
SSI and SSII isoforms. The branch of two cyanobacterial GSs
is located outside of Group A with 100% bootstrap values.
It was inferred that the ancestors of GBSS and SSI-II were
acquired through endosymbiotic gene transfer from a plastid
ancestor, with cyanobacterial starch synthesis genes transferred
initially to host cytosol, and subsequently relocated to the plastid
(Deschamps et al., 2008b). The two gene duplications may have
occurred during this latter step, of relocating starch synthesis
to the plastid. In Group B, two duplications also led to three
paralogous clades encoding SSIII, SSIV, and SSV. However, the
origin of the ancestor of SSIII-V was diﬀerent from Group A,
thought to have been transmitted from intracellular chlamydiae
pathogens, more recently than the transfer of the GBSS ancestor
(Nougue et al., 2014). However, Leterrier et al. (2008) analyzed
two forms of GS in Synechocystis PCC 6803, and found that
SpGS2 was closely related to the GBSSs, while SpGS1 was more
similar to SSIV. They suggested that the Group A and Group B
SSs evolved directly from the two independent GS types, the SSIV
group evolved from SpGS1, and subsequent gene duplication
events might lead to the evolution of SSIIIs. The exact origin
of the ancestor of Group B SSs has not been determined, and
further investigation is needed. The duplication leading to the
evolution of SSIII must have been earlier than the duplication
that we infer to have produced closely related SSIV and SSV, the
latter perhaps occurring before or during the green plant lineage
divergence.
To further investigate the structure-function relationship of
SSs, we have built a homology model for the C-terminus of
ZmSSIV and ZmSSV (data not shown) based on the HvSSI
structure using Swiss-model14. Just as is found in the structures
of HvSSI, OsGBSSI and two GSs, the two Rossmann-fold like
α-β-α domains are apparent in ZmSSIV and ZmSSV, and the
large cleft separating both domains makes up the substrate-
binding and catalytic center. Two classes of functional sites
exist in the large cleft. One class is the ADP-binding pocket,
which consists of the C-terminal domain wall and the conserved
N-terminal KTGGL loop motif. The exact amino acid residues
14http://swissmodel.expasy.org/
of the ADP-binding pocket in AtgGS include KTGGL(15–19),
R299, Y354, E376 and T381 (Buschiazzo et al., 2004). Comparing
these residues among SSs isoforms (Figure 4; Table 2), several
amino acid replacements with diﬀerent characteristics have been
found in SSV, such as K15/S, G18/P, R299/D and T381/I.
The other class of functional sites are the acceptor (starch or
maltooligosaccharide) binding and catalyzing sites, including
E9, Y96, DWQ(138–140) in AtgGS, and others. Some of the
maltooligosaccharide-binding sites are conserved, but parts
are ﬂexible. Changes of non-conservative amino acids could
aﬀect enzyme properties. For example, Cuesta-Seijo et al.
(2013) tested mutant HvSSI_F538A (the important surface
maltooligosaccharide binding site) with diﬀerent substrates,
including maltopentaose, glycogen and soluble starch. Compared
with the wild-type enzyme, the activity of the F538A mutant
is 12-fold lower with rabbit liver glycogen, sixfold lower with
oyster glycogen and fourfold lower with soluble starch at
high glycogen or starch concentrations. The substrate binding
and/or catalyzing sites of RL(299,300) and QKG(303-305) in
AgtGS were substituted for residues with diﬀerent charge and
deleted in ZmSSV. Moreover, dozens of amino acids in the
counterpart region were deleted in OsSSIVb (Figure 4; Table 2),
suggesting that these sites in SSs were ﬂexible in diﬀerent
plant species. Collectively, substitutions in key amino acid
residues and diﬀerences in secondary structure near or at the
active/binding sites may lead to diﬀerent spatio-conformational
outcomes and possibly change interaction of protein with
substrate. In this paper, we have found amino acids in substrate-
binding and catalytic centers that are distinct between SS
isoforms, which may partially explain important functional
diﬀerences of each SS isoform. The signiﬁcant diﬀerence of
key amino acid residues between SSV and other isoforms
has suggested that SSV may play roles in starch synthesis,
that are distinct from the known isoforms of GBSS and SSI–
SSIV.
SSV shows more relatedness to SSIV than to other SSs. The
speciﬁc function of SSIV is in the control of starch granule
formation. SSIV defective mutants ofArabidopsis display a severe
growth defect, and the number of starch granules per plastid
is dramatically decreased, leading to a single large particle per
plastid, but the starch content and structure is near that of wild-
type plants (Roldan et al., 2007; Gamez-Arjona et al., 2011).
Further analysis has suggested that the role of SSIV in granule
seeding could be replaced, in part, by the phylogenetically related
SSIII, which causes no readily observed morphological change
in the SSIV mutants (Szydlowski et al., 2009). We infer that
the physiological function of SSV may be similar to those of
paralogues of SSIII and SSIV, and these isoforms produced
by gene duplication may have partly redundant functions.
Expression proﬁle analysis has showed that SSV is mainly
expressed in the tissues of ear leaves and kernels, where transient
and storage starch are synthesized, respectively. It is inferred
that SSV may play some role(s) in starch synthesis. Additional
studies will be conducted to decipher the function of the new SSV
subfamily by analysis of double and/or triple mutants of SSIII–V.
If we were to assume that SSV did not play any roles, it would
be quite puzzling as to why these genes have been retained in
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all green plants, and are so highly conserved in their structural
features and protein sequences.
CONCLUSION
In summary, we have cloned the full CDS of ZmSSV, then used
it as query sequence to identify SSV in other green plants (from
algae to monocots) by aligning to genome sequences. Conserved
sequences and gene structures of SSV orthologs indicate that SSV
in plants must be derived from the same ancestor. SSV is most
related to the known SSIV, and they are produced by a gene
duplication occurring in the early stages of the evolution of green
plants. Although molecular evolution has conferred functional
divergence of the duplicated gene pairs, their expression proﬁles
remain similar.
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